Eukaryotic chromosomal replication is a complicated process with many origins firing at different efficiencies and times during S phase. Prereplication complexes are assembled on all origins in G 1 phase, and yet only a subset of complexes is activated during S phase by DDK (for Dbf4-dependent kinase) (Cdc7-Dbf4). The yeast mcm5-bob1 (P83L) mutation bypasses DDK but results in reduced intrinsic firing efficiency at 11 endogenous origins and at origins located on minichromosomes. Origin efficiency may result from Mcm5 protein assuming an altered conformation, as predicted from the atomic structure of an archaeal MCM (for minichromosome maintenance) homologue. Similarly, an intragenic mutation in a residue predicted to interact with P83L suppresses the mcm5-bob1 bypass phenotype. We propose DDK phosphorylation of the MCM complex normally results in a single, highly active conformation of Mcm5, whereas the mcm5-bob1 mutation produces a number of conformations, only one of which is permissive for origin activation. Random adoption of these alternate states by the mcm5-bob1 protein can explain both how origin firing occurs independently of DDK and why origin efficiency is reduced. Because similar mutations in mcm2 and mcm4 cannot bypass DDK, Mcm5 protein may be a unique Mcm protein that is the final target of DDK regulation.
Eukaryotic chromosomal DNA synthesis is initiated at discrete sites called origins of replication (see references 1 and 26 for reviews). In the yeast Saccharomyces cerevisiae, specific DNA sequences that can act as origins can be identified as autonomously replicating sequences (ARS) because they confer replication to plasmids or minichromosomes. Origin activation or "firing" is regulated as a two-step process that ensures that the genome is replicated only once per cell cycle (see references 1 and 15 for reviews). In the first step, which occurs in the G 1 phase of the cell cycle when the cyclin-dependent kinase (CDK) levels are low, a set of six proteins called Mcm proteins are loaded onto origins to form prereplication complexes (pre-RCs). In the second step, after the CDK levels rise, proteins of the replisome (DNA polymerases, RPA, PCNA, etc.) are recruited to the pre-RCs by Cdc45 protein, and the Mcm complex is subsequently activated by the DDK kinase to trigger bidirectional DNA replication. DDK (for Dbf4-dependent kinase) consists of two subunits, a kinase encoded by CDC7 and a regulatory subunit encoded by DBF4, both of which normally are essential for viability (see references 1, 26, and 37 for reviews). Activation by DDK occurs throughout S phase at the ϳ330 yeast origins according to the temporal program that is established in the preceding M-G 1 phase (32) . Because DDK must be present in active form throughout S phase (21, 30, 45) , it is unlikely that DDK alone can explain why different origins become active at different times within S phase. Furthermore, by limiting the amount of active DDK in the cell, it was shown that the DDK requirement at earlyversus late-S activated origins is temporally rather than quantitatively different-i.e., with respect to activation by DDK, the distinction between early and late origins is when DDK acts on an origin (early or late) and not how much DDK is required (e.g., it is not the case that more DDK activity is required for the late class of origins) (9) . Thus, some other regulatory event and not DDK per se regulates the temporal program.
Insight into the molecular function of DDK came from the discovery of an MCM mutation, mcm5-bob1(P83L), that bypasses the requirement for DDK in that both CDC7 and DBF4 genes can be deleted in its presence (37) . The MCM genes were originally identified from mutants that showed inefficient maintenance of many ARS minichromosomes-described as the Mcm (for minichromosome maintenance) phenotype (37) . They are now known to encode the members of the Mcm complex, a hexameric ring composed of six different, paralogous proteins numbered Mcm2 to Mcm7, that is essential for origin firing and is thought to act as a replicative helicase (see references 15, 24 , and 38 for reviews). These observations suggested that DDK-dependent phosphorylation of one or more Mcm subunits could be a key event in origin firing. Indeed, Mcm2, Mcm4, and Mcm6 are all known to be substrates for DDK (30, 45) , and it has been suggested recently that phosphorylation of any of these three proteins may fulfill the role of DDK in origin firing (30, 45) .
What exactly does phosphorylation by DDK do and how does the mcm5-bob1 mutation allow bypass of DDK? One hypothesis is that in wild-type cells, DDK-dependent phosphorylation of one or more Mcm subunits causes a conformational change (a "domain-push") in Mcm5 protein and that this altered conformation is required for Cdc45 protein loading and helicase activation (13, 40) . Although Mcm5 protein itself appears not to be phosphorylated by DDK, Mcm2 protein, the preferred target of DDK, is adjacent to Mcm5 in the hexameric ring (6) . This close association between Mcm2 and Mcm5 lends support to the idea of a phosphorylation-induced domain push. According to this hypothesis, the mcm5-bob1 mutation bypasses the need for DDK because it mimics the effect of DDK phosphorylation-i.e., the mcm5-bob1 mutation produces a spontaneous conformational change in Mcm5 protein, allowing for Cdc45 protein loading and helicase activation in the absence of DDK. Consistent with this hypothesis, Cdc45 protein loading (47) and initial origin unwinding/melting (18) , which normally are both dependent on DDK activity, become constitutive in vivo in the presence of the mcm5-bob1 mutation (18, 40) .
Evidence for the proposed conformational change comes from the atomic structure of an MCM homologue from Methanobacterium thermoautotrophicum, an archaeal species. In this species, comparison of the wild-type Mcm protein structure with that of the protein with the mcm5-bob1 mutation (P62L) shows that in the mutant, a helical bundle ("domain A") at the very N terminus of the protein is pushed away from the body of the protein by a large amino acid side chain (13) . The mutant phenotype is also reflected in an increased number of protein conformations seen in hydrodynamic and electron microscopy studies, all suggesting that the mutation results in an increased flexibility of the protein (5, 14) .
In our previous report, we constructed a yeast Mcm5 protein structural model based on the archaeal Mcm atomic structure ( this model posits that only mutations that cause increased flexibility of the protein should be successful in giving DDK bypass. In support of this model, we find that origin activation is inefficient at many origins in bypass mode and that mutations at the domain C "docking site" for domain A disrupt bypass of DDK. Successful bypass of DDK is limited to mutations that apparently affect Mcm5 protein flexibility; mutations at equivalent conserved positions in other Mcm proteins fail to give bypass. We also show that the effect on origin efficiency seen in the bypass mode is more drastic at later-firing origins than at early-firing ones. Thus, the presence or absence of DDK does not change the "schedule" of origin initiations but has differential effects on the "success" rate of different origins along the timeline. These observations support a model in which efficient activation of all temporal classes is dependent on events downstream of the DDK-dependent step(s) in origin activation.
MATERIALS AND METHODS
Yeast strains and media. All S. cerevisiae strains are listed in Table 1 . Yeast solid and liquid media were as described previously (3, 39, 40) . Yeast strains and recombinant plasmids were manipulated as described previously (7, 8, 40) . Genetic crosses using tetrad analysis were performed as described previously (39, 40) .
Production of mcm2, mcm4, and mcm5 mutants. Mutations were produced by the overlap PCR method used previously for mcm5 mutations (13) . All mutations were marked by the addition or deletion of a DNA restriction site and were subsequently verified by PCR, followed by restriction digestion and DNA sequencing. To place mutations into the chromosome, plasmids were integrated at the corresponding loci by selecting for Ura ϩ duplications. Recombinant Ura Ϫ "pop-outs" were selected with 5-fluoroorotic acid (5-FOA) and then screened for the mutation by PCR and subsequent diagnostic restriction digests. These mutations were combined with other mutations by standard genetic crosses using PCR and a diagnostic restriction digest to verify the presence of the mutation(s).
To produce mcm2-P264L, plasmid pLPB08 (pRS306-MCM2) was made by cloning KpnI/SphI (blunted) fragment from YCp86-MCM2 into KpnI/SmaI of pRS306. YCp86-MCM2 was constructed in the laboratory of Bik Tye (Cornell University) and is described elsewhere (35) . Plasmid pLPB09 (pRS306 mcm2-P264L), was then derived from plasmid pLPB08 by PCR overlap (20) using the primers MCM2-Forward (GAC GTA GAC GTG AGG AAG ATG ATT CGG), MCM2-mut2R (CGA ATA TTT TCA ACA TTT CTT CTa GAC ATT TAG CTA), MCM2-Reverse (GGA GCG TAA CCC TTT GAT AAT TTC G), and MCM2-mut2F (TAG CTA AAT GTC tAG AAG AAA TGT TGA AAA TAT TCG). (Lowercase letters in these primer sequences indicate the P264L mutation, which also introduces an XbaI site.) The full-length PCR product was then cloned into the plasmid by using BclI/MluI restriction sites within MCM2. Plasmid pLPB09 was integrated at the MCM2 locus by linearizing the plasmid with EcoNI and selecting for Ura ϩ transformants of strain RSY466. Recombinant Ura Ϫ "pop-outs" were selected on 5-FOA plates and screened for the mutation by PCR (MCM2-Forward and MCM2-Reverse) and diagnostic restriction digestion with XbaI.
To produce mcm4-P265L, we used plasmid pRS316-MCM4 (pLPB02), which consists of a ScaI-HindIII 4.7-kb genomic MCM4 fragment in pRS316. Plasmid pLPB03 (pRS316 mcm4-P265L) was then derived from pLPB02 by PCR overlap mutagenesis using the primers MCM4-Forward (TGT GCC TAA TCC TGA TTC TGT TCC), MCM4-Mut/Reverse (GAT AGA AAT CAC TTC cTG caG ATA ATT TAA TAG TTG), MCM4-Reverse (TTT TTA ACG TGG ACC ACA TCG AC), and MCM4-Mut/Forward (CAA CTA TTA AAT TAT Ctg CAg GAA GTG ATT TCT ATC). (Lowercase bases in these primer sequences indicate P265L mutation and the introduction of a PstI site.) The full-length PCR product was then cloned into the plasmid by using AflII/MluI restriction sites within MCM4. Plasmid pLPB04 (pRS306 mcm4-P265L) was made by cloning an NsiI-HindIII MCM4 fragment from pLPB03 into the same sites of pRS306. Plasmid pLPB04 was integrated at the MCM4 locus by linearizing the plasmid with MluI and selecting for Ura ϩ transformants of strain RSY466. Recombinant Ura Ϫ "pop-outs" were selected on 5-FOA and screened for the mutation by PCR (MCM4-Forward and MCM4-Reverse) and diagnostic digests with PstI.
Mutations in MCM5 were produced by the overlap PCR method used previously (13) . All mutations were marked by addition of a DNA restriction site and were subsequently verified by PCR, followed by restriction digestion, and confirmed by DNA sequencing. To produce the mutations, we used the following primers in overlap PCRs: P83A (P83A-fwd [ The full-length single mutant PCR products were cloned into pRS424-MCM5 plasmid pCH802 (19) by using XhoI/PstI restriction sites within MCM5. To make the double mutants, plasmid pPD57, which is identical to pCH802 except that it contains the mcm5-bob1-1 allele (pRS424 mcm5-bob1) (32) , was digested with XhoI and BstBI, and the resulting 936-kb fragment was cloned into the XhoI/ BstBI sites on pRS424-mcm5 I159E, I159A, or I159R. The resulting plasmids were checked for the I159 mutations with restriction digests by using their "unique site" restriction enzymes. The P83L mcm5-bob1-1mutation was confirmed by digesting the plasmids with Eco57I (32). For plasmid shuffle, plasmids were transformed into strain 902 (Table 1) . Cells in which the TRP1 plasmid replaced the URA3 plasmid (Trp ϩ Ura Ϫ ) were selected with 5-FOA, and Trp ϩ Ura Ϫ colonies were purified on Trp Ϫ and YEPD plates. Colonies were screened for mutations by PCR (pRS424-Mcm5-fwd and pRS424-Mcm5-rev), and restriction digests were done by testing for each mutation with its respective unique restriction site. Strain RSY902 transformed with pPD57 (pRS424 mcm5-bob1) was used as a positive control for cdc7 ts bypass suppression. Positive transformants were checked for cdc7 ts bypass by measuring growth at 37°C (13). Plasmid loss. Initially, minichromosome (plasmid) maintenance (Mcm phenotype) was measured by using a cdc7-1 ts mcm5-bob1 strain P253 carrying the indicated ARS-CEN or 2m plasmid ( Table 2 ). The strains were grown in selective medium at a permissive temperature (22°C) and then replica plated onto selective or nonselective plates at either the permissive temperature or a restrictive temperature (36°C) to measure the proportion of colonies that maintained the plasmid at restrictive compared to permissive temperatures.
Subsequently, plasmid loss rates were measured by molecular quantification of population-average plasmid copy number compared to genomic DNA (3). Tested for loss were three plasmids that each contained CEN5 but different ARS-p305.2 (carrying ARS305 in a 17,221-bp fragment of chromosome III [10] ), pARS1 (carrying ARS1 in a 16,102-bp fragment of chromosome IV), and p12 (carrying ARS1412 in a 17,478-bp fragment of chromosome XIV [8] ). The vector in each case was YIp5-5 (12) with URA3 as the selectable marker. Strains (wild type, mcm5-bob1, and cdc7⌬ mcm5-bob1) were grown to mid-log phase under selection for plasmid, diluted into nonselective medium, and kept in log-phase growth over several generations in nonselective medium, with further dilutions into fresh medium as necessary. Samples were collected from the initial (selective) culture and periodically during nonselective growth. The relative amount of plasmid compared to genomic DNA within each sample was measured by Southern blotting with a 32 P-labeled URA3 probe after gel electrophoresis of HaeII-digested DNA samples. Hybridization intensities ( 32 P levels) were quantified by using an InstantImager (Packard Instruments). Plasmid loss rates were calculated from the change in the ratio of genomic to plasmid DNA levels over time in nonselective growth. In addition, plasmid retention efficiency was measured by plating cells on selective and nonselective plates after ϳ7 generations of nonselective growth in liquid medium. Because the molecular and colony-based assays measure different aspects of plasmid maintenance (decrease in average copy number of plasmid in the population during nonselective growth versus the ability of cells to retain plasmid long enough to form a visible colony, respectively), we refer to the results as "plasmid loss" and "plasmid retention," respectively.
2-D agarose gel electrophoresis.
Yeast cultures were harvested at mid-log phase growth, and DNA was extracted and tested for origin activity by twodimensional (2-D) gel electrophoresis as described previously (16) . Restriction enzymes used and the origins tested were EcoRV (ARS305 and ARS1414), FspIϩSacI (ARS607 and ARS609), NcoI (ARS1, ARS1412, and ribosomal DNA ARS), PstI (ARS306 and ARS603), and XbaI (ARS501 and ARS1413). For estimation of origin firing efficiency, autoradiograms of 2-D gel blots were digitized by scanning. For each sample the intensity of the bubble-arc signal was compared to the intensity of the ascending portion of the Y-arc signal after the background signal was subtracted from similar areas of the gel. Because the bubble-to-Y ratios do not give a direct measure of origin efficiency, for each origin we normalized the observed ratio to that obtained for the wild-type sample. Note that origins show inherent differences in firing efficiency even in the wild type (e.g., the ribosomal DNA ARS is fairly inefficient).
RESULTS
Yeast recombinant minichromosomal plasmids are inefficiently replicated in the bypass mode. Our hypothesis for Mcm5 protein function in bypass mode predicts that origin firing will likely be inefficient in bypass mode because only a subset of the conformations occupied by the N-terminal domain A of the mcm5-bob1 protein is expected to be productive for origin firing. Indeed, we had found previously that minichromosomal plasmids are maintained poorly in a cdc7⌬ mcm5-bob1 strain (data not shown in reference 40) , suggesting that the cdc7⌬ mcm5-bob1 strain does have an MCM phenotype. This effect was verified by measuring the maintenance of recombinant plasmids in a cdc7 ts mcm5-bob1 strain P253 (Table 2). Unlike normal yeast chromosomes, which have multiple origins, each of these plasmids relies on a single replication origin for its maintenance. If the origin fails to fire efficiently, then the plasmid will be lost from the cells during nonselective colony growth. By measuring colony formation at both permissive (22°C) and restrictive conditions (36°C) on both selective and nonselective media, plasmid maintenance during DDK bypass at 36°C was tested. An Mcm phenotype was seen with ARS1 and ARSH4 CEN plasmids, but not with 2m origin plasmids, a phenotype that is similar to that found for other Mcm mutants (44) .
To see whether differences in plasmid maintenance are related to the time of origin firing on the plasmids, three different ARS CEN plasmids that are all based the same plasmid backbone were used to measure the plasmid loss rates of three different replication origins during DDK bypass using the isogenic wild-type, mcm5-bob1, and cdc7⌬ mcm5-bob1 strains RSY311, RSY728, and RSY727, respectively (Fig. 2) . ARS305, ARS1, and ARS1412 represent early-, mid-, and late-S firing origins, respectively, and the replication times of these plasmids parallel the replication times of these origins in their native chromosomal context (17) . Loss rates were measured by genomic Southern hybridization using the yeast URA3 gene: the plasmid-borne and endogenous copy could be distinguished based on fragment size differences after restriction endonuclease digestion (Fig. 2) . The rates of loss were low (Ͻ2%) in the wild-type and mcm5-bob1 strains but increased more than fivefold in the cdc7⌬ mcm5-bob1 strain (16 to 31%), indicating that origin usage is generally inefficient during DDK bypass, with the earliest origin ARS305 being the most stable among the three tested. Finally, the early-and late-S replicating plasmids p305.2 and p12 were retained with high efficiency (98ϩ% retention after ϳ7 generations of nonselective growth) 
[Student t test]).
Endogenous yeast origins are also inefficiently replicated during DDK bypass. Based on the plasmid results, we predicted that endogenous chromosomal replication origins should also show reduced firing efficiency in the cdc7⌬ mcm5-bob1 strain, perhaps with later-firing origins showing a stronger defect. We therefore tested the efficiency of 11 different, endogenous replication origins using 2-D gel analysis of the same three strains (Fig. 3) . Again, in the cdc7⌬ mcm5-bob1 strain, reduced origin efficiency was seen for all origins examined, with the later-firing origins showing a greater defect than earlyfiring ones. Specifically, the cdc7⌬ mcm5-bob1 strain shows little or no initiation at origins that are known to be Rad53 checked (i.e., those that fail to fire after a short exposure of wild-type cells to hydroxyurea [11] ). This reduction in origin firing is much more pronounced than at Rad53-unchecked origins (which do fire in wild-type cells after a similar exposure to hydroxyurea) (Fig. 3) . The lone exception to this trend is ARS1 (Fig. 3 ), which appears to be peculiarly sensitive to the loss of Mcm activity. Initiation in the mcm5-bob1 single mutant strain was slightly impaired at some origins but not at others, with no apparent pattern to the reduction with respect to time of origin initiation-some late-firing origins (e.g., ARS1412) showed robust, wild-type levels of initiation, and an early-S origin (e.g., ARS305) showed a slight reduction in origin firing in the mcm5-bob1 strain. The results of the 2-D gel analysis of ARS305 and ARS1412 are in perfect agreement with both the retention analysis and the loss rate analysis of plasmids p305.2 and p12.
Interaction between subdomains A and C is needed for bypass. To better understand the mechanism underlying the mcm5-bob1 phenotype (bypass of Cdc7 kinase), we designed a set of targeted mutations based on the available information on the structure of the archaeal and yeast MCM complex. The "domain-push" model for activation of the Mcm hexameric ring predicts that only substitutions of large amino acid at the interface between Mcm5 subdomains A and C should allow bypass of DDK, because only large substitutions would result in subdomain A being pushed into a potentially active conformation (Fig. 1) . Consistent with this prediction, changes of the MCM5 P83 residue to larger amino acids (P83L, P83K, and P83W) but not to smaller amino acids (P83G and P83A) produced bypass of DDK function (13) (Fig. 1) . Our published cdc7 ts mcm5 P83L and P83A mutants (13) are shown as positive and negative controls for DDK bypass, respectively (Fig. 4) .
In the M. thermoautotrophicum MCM protein, P62 in subdomain A, analogous to the conserved P83 in S. cerevisiae Mcm5, is anchored on F109 in subdomain C (Fig. 1) (13) . Mimicking the yeast mcm5-bob1 structure, P62L in this archaeal MCM protein positions the Leu side chain to push away from F109. Based on structural modeling and the hydrophobicity of phenylalanine and isoleucine, we predicted that residue I159 in the S. cerevisiae Mcm5 protein should correspond to the archaeal F109 subdomain C position (Fig. 1) and that mutations of this I159 residue should therefore show genetic interaction with the P83 position in subdomain A. In particular, we expected that smaller substitutions of I159 would fail to be "pushed" and therefore not show bypass of the requirement for DDK. Accordingly, we introduced mutations of I159 into a cdc7 ts strain and tested for the bypass of DDK. Mutating this residue to a smaller amino acid (I159A) in an otherwise wild-type protein did indeed fail to give bypass of DDK (Fig. 4A) ; furthermore, this mutation prevented bypass of DDK by the P83L mutation (Fig. 4B) . However, mutations of I159 to larger residues (I159E or I159R) also prevented bypass by the P83L mutation (Fig. 4) . None of these mutations in a wild-type CDC7 background had any detectable phenotype and grow normally at 36°C (data not shown).
Why do the larger side chains at residue 159 (I159E or I159R) fail to give bypass on their own or in combination with FIG. 2 . Maintenance of minichromosomes with early-, mid-, or late-S activated origins. Wild-type (RSY311), mcm5-bob1 (RSY728), and cdc7⌬ mcm5-bob1 (RSY727) yeast strains were tested for their ability to maintain early-, mid-, and late-S replicating plasmids (p305, pARS1, and p12, respectively). At the top, Southern blots show hybridization to URA3 sequences on the chromosome (Chr) and on the plasmid (Plas) after various times of growth in nonselective medium; samples were collected at approximately two-generation intervals. Bottom, plots show the ratio of plasmid to genomic DNA hybridization signal at each time, normalized to the ratio seen at the start of nonselective growth. Loss rate values (percent per generation) estimated from the plots for the different plasmids are shown in parentheses.
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the P83L mutation? One possibility is that the larger side chains in subdomain C are not positioned in a manner that allows subdomain A to be pushed far enough from subdomain C to produce DDK bypass. It is also possible is that these changes at I159 cause subdomain A with the P83L mutation to have reduced flexibility and thereby prevent DDK bypass. Nevertheless, these results demonstrate that the interactions between Mcm5 subdomains A and C occur and are important for DDK bypass.
Based on an alignment of Mcm protein primary sequences aided by the archaeal atomic structure, the Mcm2 and Mcm4 proteins of many species also contain the conserved proline residue (Mcm2-P264 and Mcm4-P265 in S. cerevisiae) (13) . DDK bypass was specific to mutations in MCM5 in that mcm2 and mcm4 mutations at these positions (mcm2-P264L and mcm4-P265L) did not give bypass of the cdc7 ts phenotype at a restrictive temperature (Fig. 5A) . This failure to give bypass was not due to intrinsic temperature sensitivity of the mcm mutations, since all single mcm2, mcm4, and mcm5 mutants were temperature resistant in the presence of a wild-type CDC7 allele (Fig. 5B) . Only the combination of the mcm2 and mcm4 mutations produced a temperature-sensitive phenotype and, therefore, was unable to suppress cdc7 ts mutation because it is temperature sensitive on its own. The addition of the mcm5-P83L bob1 allele had no effect on the temperature sensitivity of the mcm2-P264L mcm4-P265L double mutant, suggesting that the double mutant phenotype is not a result of a failure to allow domain push in the Mcm5 protein. Similar results were also found at 30°C, which is still restrictive for the cdc7-7 ts mutant (data not shown). From these results, we conclude that only mutations in the conserved proline residue in domain A of Mcm5 result in a bypass of DDK function.
DISCUSSION
In this report we demonstrate that similar single mutations in MCM5 but not in MCM2 or MCM4 can bypass DDK function (Fig. 5) . We believe MCM5 to be a unique Mcm subunit (21, 30, 45) . Similar results were also found in Schizosaccharomyces pombe (4) and in human cells (22, 36) . The structure of an archaeal MCM protein has suggested that interaction of subdomains A and C is important for DDK bypass ( Fig. 1) (13) . Our mcm5 mutations are consistent with a model in which (i) DDK phosphorylation of Mcm2, which is adjacent to Mcm5 in the hexameric ring (15) , is required to cause subdomain A of wild-type Mcm5 to "push away" from subdomain C and into a conformation that allows Cdc45 loading and helicase activation (40) and (ii) bypass of the DDK requirement becomes possible when mutations at residue P83 in subdomain A cause increased flexibility of that subdomain, allowing it to push away from subdomain C and assume several possible altered conformations, including the one that allows loading of Cdc45 and helicase activation ( Fig. 1) (13) . Because recent studies show that DDK phosphorylation of other MCM subunits, Mcm4 or Mcm6, is sufficient for DNA replication (27, 41) , DDK phosphorylation of any one of three MCM subunits may favor this Mcm5 conformational change. Thus, we propose that structural changes in Mcm5 normally are the result of DDK action at the replication origins.
We propose that structural changes in Mcm5 protein due to DDK phosphorylation are more efficient than the mcm5-bob1 mutation at promoting origin initiation. In either the wild-type or the mcm5-bob1 strain, DDK still can produce the most effective conformation in Mcm5 protein by phosphorylating other MCM proteins, allowing for efficient initiation at replication origins. In the absence of DDK, mcm5-bob1 mutations could produce a series of conformations in subdomain A, of which only a subset is active. This hypothesis is analogous to one proposed from in vitro biochemical and structural studies of the archaeal MCM protein (5, 14) . Thus, only a small percentage of mcm5-bob1 MCM complexes are in the proper conformation at any given moment for Cdc45 loading, which results in inefficient initiation. This explains why cdc7⌬ mcm5-bob1 strains have a twofold increase in doubling time (6 h in Y-complete medium at 23°C), a slower S phase (32, 41, 45) , and inefficient origin usage as shown by both 2-D gel analysis and minichromosome loss experiments ( Fig. 2 and 3) .
In the "domain-push" hypothesis, the yeast Mcm5 protein residues P83 (archaeal P62) and I159 (archaeal F109) would interact (Fig. 1) . Our observation that mutations in the critical residue I159 in Mcm5 subdomain C can suppress DDK bypass by P83L (Fig. 4) supports the idea that these two residues interact in vivo. Thus, the data in this report represent important in vivo evidence to support our model for eukaryotic MCM helicase regulation based on the archaeal structure (5, 14) . However, our results also reveal that achieving bypass of DDK may not be as simple as just having a large amino acid side chain at I159, since neither mcm5-I159R nor mcm5-I159E produced a bypass phenotype either as single mutants or in combination with mcm5-bob1 (P83L) (Fig. 4) . Without more structural information, particularly on the yeast Mcm complex, we do not know whether these changes would indeed be capable of "pushing out" domain A.
Bypass of DDK by mcm5-bob1 is dependent on Cdk1-Clb5 activity (40) , and mcm5-bob1 cannot bypass the role of Cdk1 in the initiation of DNA replication (29, 40) . Recently, the role of CDK in promoting origin activation in yeast has been determined: yeast Cdk1 phosphorylates and loads Sld2 and Sld3 proteins, which are then used to load Dpb11, a subunit of DNA polymerase ε holoenzyme (43, 46 can occur either by DDK or by CDK action; when both DDK and CDK requirements are bypassed, replication will occur in the G 1 phase (43, 46) . In fact, G 1 -phase overexpression of DDK under conditions of DDK and CDK bypass results in lethality (46) .
The ϳ330 origins of budding yeast are more or less evenly spaced in the genome and have a large range of efficiencies (34) . Why are later origins affected more in the cdc7⌬ mcm5-bob1 strain (Fig. 2 and 3) ? One explanation is that the Mcm5-bob1 protein bound to an early-firing origin simply has more time to sample potential conformations before an invading fork can arrive at that location-because there likely would not be forks approaching that origin early in S phase. In contrast, a late origin might have a much smaller window of opportunity to fire, since forks would already be approaching that origin. A second possibility is that there may be inherent differences in firing efficiency at different origins, as has been seen for many mcm mutants (44) . In fact, similar to our findings, it is known that ARS1 is the most affected and 2m origin is the least affected by mcm mutations (44) . Because the differences we see in origin efficiency are also recapitulated on minichromosomes with single origins (Fig. 2) , the differences must be inherent.
It is also possible that there is not a defect per se in activating late origins but that the observed increase in passive replication through them is due to an inherently faster rate of fork progression in the cdc7⌬ mcm5-bob1 mutant. If the Mcm complex is indeed the replicative helicase, mutations in one of its subunits might confer an improvement in denaturation ahead of the fork, allowing faster fork migration rates. In this scenario, late origins are simply overrun by fast forks before their scheduled time of firing. Two observations argue against this possibility. First, the increased loss rate of single-origin plasmids indicates that reduced firing efficiency cannot be the result of just an increased fork rate. Second, we also measured fork rates on the right arm of chromosome VI and the left arm of III using density transfer methods (34) and found no evidence for increased fork rates in the cdc7⌬ mcm5-bob1 strain (data not shown). In summary, the cdc7⌬ mcm5-bob1 strain progresses through S phase slowly because of inefficient initiation at all origins.
Because origins fire through much of S phase (see references 1 and 26) for reviews) and DDK is needed to fire origins throughout the S phase (2, 9), DDK alone is not the regulator of the temporal program. The DDK requirement at early and late origins is temporally rather than quantitatively different, with early-and late-S origins showing equal reduction in activity under conditions where cells are producing a constant, limiting amount of Cdc7 protein throughout S phase (2, 9) . Because the temporal program is established in the preceding G 2 /M-Start interval (33) , by eliminating DDK activity from the cell using a cdc7⌬ mcm5-bob1 strain, only downstream events such as Mcm2-7 activation are affected. However, we still see that late origins are more affected than early ones-presumably in this case by a reduction in Mcm2-7 efficiency (Fig. 2 and  3 ). This result implies that some regulatory event downstream of DDK phosphorylation of the MCM complex regulates the execution of the temporal program. We propose that the downstream event may be the "pushing out" of subdomain A of Mcm5, which is more inefficient at late origins due to other events such as changes in chromatin structure that were set up in the preceding G 2 /M-Start interval (33) . The observation that the efficiency of mcm5-bob1 bypass is affected by changes in histone copy number (8) is consistent with this idea. The mechanism for execution of the temporal program may be quite different in S. pombe, where late-firing origins may simply be the ones that have the lowest probability of interacting with DDK (31) . Another possibility is that upstream events such as the amount of Mcm2-7 complexes loaded in G 1 phase dictate timing, and the effect of these events is only evident downstream of DDK action.
Finally, our results also give insight into whether origin firing contributes to the regulation of the intra-S-phase checkpoint in yeast. Origin firing is reduced in both orc2 and cdc7⌬ mcm5-bob1 strains (25) (Fig. 2 and 3) , but whereas the intra-S checkpoint is compromised in orc2 mutants (42) , the intra-S DNA replication and damage checkpoints are intact in cdc7⌬ mcm5-bob1 strains (8, 30, 32, 45) . The reduction in origin firing must occur for different reasons in the two strains-due to reduced frequency of pre-RC formation in orc2 (25) as opposed to inefficient activation of pre-RCs in cdc7⌬ mcm5-bob1. Indeed, because DDK is not involved with pre-RC formation (1, 15), we would expect pre-RC formation with normal efficiency and spacing in cdc7⌬ mcm5-bob1. The difference in intra-S-phase checkpoint efficiency in these two strains despite the shared phenotype of reduced origin firing in both strains therefore suggests that rather than origin usage as proposed previously (42), it is the number of pre-RCs that regulates the intra-Sphase checkpoint response.
